The C2H2-type zinc finger proteins (ZFPs) are involved in a wide range of plant development and stress responses. Many studies have shown the positive roles of ZFP genes in stress tolerance. However, overexpression of ZFP genes usually leads to the side effect of growth retardation. Here we report a new member of the ZFP family, Oryza sativa drought-responsive zinc finger protein 1 (OsDRZ1), positively regulating both stress tolerance and plant architecture in rice (Oryza sativa L.). OsDRZ1 was expressed throughout all tissues examined and could be induced by multiple abiotic stresses. OsDRZ1 protein was localized mostly in the nucleus. Unlike most reported rice ZFPs functioning as transcriptional activators, OsDRZ1 is a transcriptional repressor. Overexpression of OsDRZ1 in rice increased seedling drought tolerance and the transgenic plants appeared to accumulate more free proline and fewer reactive oxygen species (ROS), and elevate the activities of antioxidant enzymes. In contrast, RNA interference (RNAi) of OsDRZ1 led to lower activities of antioxidative response and more sensitivity to drought. RNA sequencing analysis revealed that the genes down-regulated by OsDRZ1 were mostly down-regulated by drought, implying the critical role of OsDRZ1 in modulating drought-responsive gene expression. A cupin gene OsGLP1 (germin-like protein1) was identified as one of the potential target genes of OsDRZ1, as suggested by real-time PCR and transient expression analysis in rice protoplasts. Moreover, overexpression of OsDRZ1 did not lead to growth inhibition but the promotion of rice growth, implying the potential application prospective of OsDRZ1 in engineering droughttolerant crops.
Introduction
Drought is one of the most severe environmental stresses greatly affecting plant growth and crop production worldwide. To adapt to drought stress, plants develop a cascade of responses involving signal transduction, programmed cell death, enzyme activity, synthesis and metabolism, production of osmoprotectants, morphological architecture and expression of drought-related genes (Garg et al. 2002 , Sakamoto et al. 2004 , You et al. 2013 , Lee et al. 2016 . The transcription factors play various and critical roles in drought response through transcriptional regulation (activation or repression) of downstream genes.
With 176 members in Arabidopsis and 189 members in rice, the C2H2-type zinc finger proteins form one of the largest families of transcription factors in plants (Agarwal et al. 2007, Ciftci-Yilmaz and . Most of them contain at least one C2H2 zinc finger domain with a consensus sequence of CX 2-4 CX 3 FX 5 LX 2 HX 3-5 H, while the zinc finger domain contains a highly conserved motif QALGGH (Takatsuji 1998) . The first C2H2 zinc finger protein was found in Xenopus oocytes (Miller et al. 1985) . In Arabidopsis, the C2H2 zinc finger protein family has been extensively studied. Overexpression of Arabidopsis Zat10/STZ and Zat12 enhanced drought, high salinity and cold tolerance, but inhibited plant growth (Rizhsky et al. 2004 , Sakamoto et al. 2004 , Davletova et al. 2005 , Vogel et al. 2005 , Mittler et al. 2006 , Ciftci-Yilmaz and Mittler 2008 , Miller et al. 2008 . In response to H 2 O 2 , a number of reactive oxygen species (ROS)-related genes were induced in ZAT12-overexpressing Arabidopsis plants, such as CSD2 (copper-zinc SOD), APX1, WRKY25 and ZAT7 (Rizhsky et al. 2004 ). Overexpression of ZAT10 in Arabidopsis conferred plant drought, salinity and heat tolerance through a ROS-scavenging pathway by elevating the expression level of FSD (Fe-SOD), APX1 and APX2 (Mittler et al. 2006) . In Arabidopsis, zinc finger proteins play critical roles in stress tolerance; however, they usually have negative impacts on plant development and growth.
Rice is one of the most important crops and a model plant for molecular biological research in monocots (Cantrell and Reeves 2002) . The first rice C2H2-type zinc finger protein ZFP245 was involved in cold and drought stresses (Huang et al. 2005) . DST (drought and salt tolerance) has a negative impact on drought tolerance in rice through the regulation of genes involved in ABA signaling and ROS homeostasis (X.Y. ). ZFP179 plays a crucial role in the plant response to salt stress and increased the ROS scavenging ability (Sun et al. 2010) . Overexpressing of ZFP182 enhanced rice tolerance to salt, drought and cold stress. . ZFP36 is involved in ABA-induced antioxidant defense and water stress tolerance (Zhang et al. 2014 ) and could interact with OsLEA5 to co-regulate the promoter activity of OsAPX1, encoding an ascorbate peroxidase that has the highest affinity for H 2 O 2 , one type of ROS (Huang et al. 2018) . Interesintly, most of the reported rice ZFPs are transcriptional activators, such as ZFP182, ZFP179 and DST.
In the present study, we identified a new C2H2-type ZFP, OsDRZ1, involved in drought tolerance in rice. Unlike most known rice ZFPs, OsDRZ1 is a transcriptional repressor. Our data showed that OsDRZ1 improved drought tolerance at the seedling stage by maintaining higher activities of ROS-scavenging enzymes and modulated the expression levels of genes down-regulatd by drought. Furthermore, OsGLP1 (germin-like protein1, LOC_Os08g35760) was identified as one of the potential target genes of OsDRZ1. Interestingly, the enhanced stress tolerance was not accompanied by plant growth restardation in OsDRZ1 trangenic rice plants, indicating the potential application of OsDRZ1 in engineering rice plants with drought tolerance.
Results

Sequence analysis of OsDRZ1
After a genome-wide analysis of genes encoding ZFPs in rice, we selected a zinc finger gene regulated by abiotic stresses for further analysis. The full-length OsDRZ1 gene containing a complete open reading frame (ORF) of 600 bp was cloned from 2-week-old rice seedlings by reverse transcription-PCR (RT-PCR). The predicted protein product OsDRZ1 comprises 199 amino acids with a calculated molecular mass of 21.237 kDa. The amino acid sequence contains two typical Cys2/His2-type zinc fingers with a plant-specific QALGGH motif in each zinc finger domain (Fig. 1A) . A homology search against the GenBank database showed that OsDRZ1 was homologous to many plant C2H2-type ZFPs, especially in finger domains. Like most reported C2H2-type ZFPs, OsDRZ1 contains a DLN-box/ EAR-motif with a consensus of DLN at the C-terminus.
To investigate the evolutionary relationships among plant C2H2-type ZFPs involved in stress responses, a phylogenetic tree was constructed using the Neighbor-Joining method with the full-length amino acid sequences. The result revealed that OsDRZ1 was clustered with ZFP36 (Zhang et al. 2014 ) and ZFP252 (Xu et al. 2008) , which are two ZFPs involved in stress responses in rice (Fig. 1B) .
The promoter sequence of OsDRZ1 (1,500 bp upstream sequence from the translation start codon) was analyzed through the plantCARE database (Lescot et al. 2002) . The promoter region contains many stress-and hormone-related cis-acting elements, such as ABA-responsive elements (ABREs), auxin-responsive elements (AuxRR-core and TGA-box) and MeJA-responsive elements (TGACG-motif) (Supplementary Table S2 ).
Expression pattern of OsDRZ1
The tissue-specific expression profile of OsDRZ1 was investigated in various rice tissues at the adult stage by real-time PCR, and the highest level was found mainly in vegetative organs, such as stems and leaf sheaths, and the lowest level was in panicles up to 3 cm (Fig. 1C) . With development of the panicle, the expression of OsDRZ1 was increased.
The expression profiles of OsDRZ1 under abiotic stresses were examined in rice seedlings. The results showed that OsDRZ1 could be weakly induced under temperature stresses (4 and 42 C) and H 2 O 2 treatment ( Fig. 2A-C) . Under ABA and NaCl treatments, OsDRZ1 could respond at an early treatment period and the expression level was increased within 1 h and 20 min, respectively (Fig. 2D, E) . The expression of OsDRZ1 showed an obvious accumulation at 1 h and 24 h after polyethylene glycol (PEG)6000 treatment (Fig. 2F ).
Subcellular localization of OsDRZ1
To determine the subcellular localization of OsDRZ1, we fused the full-length OsDRZ1 sequence to green fluorescent protein (GFP) driven by the Cauliflower mosaic virus (CaMV) 35S promoter. The constructed OsDRZ1::GFP vector and GFP control were each transformed into tobacco epidermal cells. It was observed that the fluorescence distribution of OsDRZ1::GFP was mainly found in the nucleus but also in the cytoplasm (Fig. 3A) . However, the fluorescence distribution of OsDRZ1::GFP could be observed not only in the nucleus of the rice protoplast, but also throughout the whole cell (Fig. 3A) .
OsDRZ1 functions as a transcription repressor
To investigate whether OsDRZ1 possesses transcriptional activation activity in vivo, we performed reporter-effector transient expression assays in rice protoplasts. Effector constructs carried the full-length OsDRZ1 (OsDRZ1FL) or truncated OsDRZ1 driven by the CaMV 35S promoter. Reporter constructs contained a firefly luciferase (Ff-LUC) reporter gene driven by three copies of the dehydration response element (DRE), five copies of the GAL4 DNA-binding domain (GAL4DBD) and a minimal CaMV 35S promoter. Renilla luciferase (Rn-LUC) was used as an internal control to normalize transfection efficiency (Fig. 3B) . Effector plasmids, with or without reporter plasmids, were transfected into protoplasts, and LUC activity was measured. The relative LUC activity represented Ff-LUC/Rn-LUC activity, and transfection with the two effectors GAL4DBD + DREB1A was used as the negative control. Compared with the negative control, transfection with OsDRZ1FL and truncated OsDRZ1 repressed the relative LUC activity, showing that both OsDRZ1FL and truncated OsDRZ1 possessed trans-repression activity. The OsDRZ1ÁC fused effector showed higher LUC activity than OsDRZ1FL and OsDRZ1ÁN, indicating that the DLNbox in the C-terminus of OsDRZ1 might relate to the transcriptional repression (Fig. 3C) . 
Overexpression of OsDRZ1 in rice enhances drought tolerance
To explore further the biological functions of OsDRZ1, OsDRZ1-overexpression (OE) and OsDRZ1-RNA interference (RNAi; Ri) transgenic rice plants were generated. For identification of the positive lines, we performed real-time PCR with 18S rRNA as the internal control ( Supplementary Fig. S1 ). The drought stress assay at the rice seedling stage showed that there were more surviving seedlings of OsDRZ1-OE lines after drought treatment compared with wild-type seedlings, while OsDRZ1-Ri seedlings were more sensitive to drought stress compared with wild-type rice (Fig. 4A, B) , indicating that OsDRZ1 positively regulates drought tolerance in rice.
Free proline is an important compatible solute produced in response to abiotic stresses (Garg et al. 2002) and the accumulation of proline was measured under unstressed and drought conditions. Under normal conditions, there were no obvious differences between transgenic and wild-type seedlings.
However, after 4 d of drought stress treatment, the proline levels of all rice seedlings were increased. As shown in Fig. 4C , the free proline contents in OE4 and OE10 lines were markedly higher than those of the wild-type plants, wheras they accumulated less in two RNAi transgenic lines compared with the wild type (Fig. 4C ).
OsDRZ1 reduces water loss
Relative water loss rate and relative water content (RWC) in detached leaves are important traits reflecting drought tolerance. The top leaves were detached from 3-week-old transgenic and wild-type rice seedlings and placed on the lab bench for dehydration. Compared with the wild-type, the OsDRZ1-OE seedlings had a lower water loss rate from 20 to 80 min, while leaves from Ri3 showed higher rates from 40 to 100 min (Fig. 5A) . The water content in OE4 detached leaves was significantly higher than that of the wild type from 20 to 60 min; however, the water content was lower in Ri3 from 20 to 80 min (Fig. 5B) . , oxidative stress (100 mM H 2 O 2 ), ABA treatment (50 mM), salt stress (100 mM NaCl) and osmotic stress (20% PEG6000), respectively. CK represents the treatment with H 2 O control, and 18S-rRNA was used as the internal control. Data are the means and SE of three replicates, *0.01 P < 0.05; **0.001 P < 0.01; ***P < 0.001, Student t-test.
Stomatal movement is involved in responses to abiotic stresses, especially drought (Hetherington and Woodward 2003) . The stomatal status in leaf blades was examined under drought treatment by differential interference contrast microscopy. The results showed that 48.59% of stomata were completely closed in leaves from OE4 transgenic seedlings, while 43.98% and 32.57% were completely closed in the wild type and Ri3 plants, respectively. Only 22.89% of stomata were still completely open in the OE4 leaves, 32.23% in the wild type and 38% in Ri3. Interestingly, the percentage of partially open stomata was similar in OE4 (28.51%) and Ri3 (29.43%) seedlings, but 23.80% of stomata were partially open in the wild type (Fig. 5C ).
OsDRZ1 increased ROS scavenging activity
Inevitably, abiotic stress could increase the level of ROS, which are toxic to plant cells. The activities of ROS-scavenging enzymes contribute to stress tolerance. ROS accumulation could be visualized by histochemical assays. 3,3'-Diaminobenzidine (DAB) staining was used as an indicator of H 2 O 2 accumulation. Brown-stained spots could be observed distributed throughout the blade of wild-type and OsDRZ1-Ri3 leaves, and they were The reporter plasmid contains a firefly LUC reporter gene (Ff-LUC), driven by three copies of DREs, five copies of the GAL4 and a mini 35S promoter. The effector containing DREB1A was to encode OsDREB1A protein that could bind the DREs on a reporter plasmid. Other effector plasmids containing the GAL4DBD bound the GAL4 sites. The numbers indicate the deletion regions of amino acid residues. Rn-LUC serves as the internal control. (C) Relative LUC activity assay in rice protoplast that had been transfected with both effecter and reporter plasmids. NONE indicates no plasmid transfection, and GZFP179 + DREB1A is used as the positive control. The error bar is based on three replicates, **0.001 P < 0.01; ***P < 0.001, Student t-test. OsDRZ1 modulates water loss and stomatal movement under dehydration stress. The relative water loss rate (A) and RWC (B) of transgenic and wild-type rice seedlings. The upper leaf was detached from the 3-week-old wild-type and transgenic seedlings, and placed on the lab bench at room temperature and normal humidity. The leaves were weighed from 0 min (untreated) to 120 min. (C) The percentage of the three types of stomata in transgenic and wild-type rice seedlings leaves after drought treatment. Seedlings were exposed to drought conditions for 4 d and the top leaves were fixed. The images were taken by differential interference contrast microscopy and the stomata were counted by ImageJ (n = 249 stomata for OE4; n = 332 stomata for the wild type; n = 350 stomata for Ri3). Error bars indicate three replicates, *0.01 P < 0.05, **P < 0.01, Student t-test.
even darker in Ri3 seedlings, while OsDRZ1-OE4 leaves showed fewer and light brown spots (Fig. 6A) . Nitro blue tetrazolium (NBT) staining reflects sites of O ÀÀ 2 formation, and the leaves from OsDRZ1-OE4 generated fewer superoxide anions than the wild type and OsDRZ1-Ri3, which showed dark blue spots under drought treatment (Fig. 6A) . The contents of H 2 O 2 and malondialdehyde (MDA), the biomarkers for membrane lipid peroxidation produced under abiotic stresses, were measured before and after 4 d drought treatment. The OsDRZ1-OE seedlings accumulated less H 2 O 2 and MDA after drought treatment, while the wild-type and RNAi seedlings produced more (Fig. 6B, C) . Under drought conditions, the activities of peroxidase (POD) and superoxide dismutase (SOD) enzymes were much higher in OsDRZ1-OE lines than in the wild type and OsDRZ1-Ri lines (Fig. 6D, E ). All these findings indicate that overexpression of OsDRZ1 in transgenic rice poroduced less oxidative damage under drought stress and might increase drought tolerance via enhancing antioxidant defense.
OsDRZ1 promotes rice growth
The OsDRZ1-OE transgenic lines displayed a phenotype of promoting rice growth, while the OsDRZ1-Ri transgenic rice plants showed the opposite (Fig. 7A) . OsDRZ1-OE4 and OE10 were significantly taller than the wild type, but the Ri3 and Ri12 plants were significantly shorter compared with the wild type (Fig. 7B) . The spikes and grains were longer in OsDRZ1-OE transgenic lines, while they were shorter in Ri plants. (Fig. 7C-E) . The grain weight was also increased in OE plants but decreased in RNAi plants. Our data indicate that OsDRZ1 had a positive effect on rice growth and development, which is a promising effect when genetically engineering OsDRZ1 in crop breeding.
Downstream genes regulated by OsDRZ1
To reveal the mechanisms of OsDRZ1-mediated rice drought tolerance, we employed RNA sequencing (RNA-seq) to analyze the OsDRZ1-regulated genes. The RNA-seq results showed 567 differenttially expressed genes (DEGs) in OsDRZ1-OE plants ( Fig. 8A; Supplementary Table S3 ). We classified the DEGs into four groups; group 1 and group 3 contain 290 and 27 down-regulated genes, respectively, and the genes in group 1 were also down-regualted by drought stress, while the DEGs in group 3 were not regulated by drought. For group 2 and group 4, 227 up-regulated genes in group 2 were also regulated by drought, while 23 in group 4 did not respond to drought ( Fig. 8A; Supplementary Table S4 ). We found that among the 317 down-regulated genes in OsDRZ1 OE seedlings, 50.5% were also down-regulated by drought stress ( Fig. 8A ; Supplementary Table S4 ), suggesting that OsDRZ1 may be the critical regulator modulating the expression of drought-responsive genes through its transcriptional repression activity. The RNA-seq results were further confirmed by real-time PCR; the expression level of eight genes which are down-regulated by both OsDRZ1 and drought stress was tested in OsDRZ1-OE lines. The results showed that all these eight genes were down-regulated in OE seedlings, suggesting that OsDRZ1 could down-regulate the expression of these genes (Fig. 8B) . Many antioxidant activity-related genes showed higher expression levels in OsDRZ1-OE plants as compared with the wild type (Supplementary Table S3 ). For example, five genes encoding POD precursors (LOC_Os05g04500.1, LOC_Os06g35520.1 LOC_Os01g22370.1, LOC_Os01g73200.1 and LOC_Os05g04380.1) were up-regulated by OsDRZ1. Gene Ontology (GO) enrichement analysis indicated that many stress-and antioxidant activity-related GO terms were enriched (Fig. 8C) , implying that the increased antioxidant activity was one critical reason leading to enhanced drought tolerance of OsDRZ1-OE rice, which is in agreement with the decrease of ROS and the increased antioxidant activities of OsDRZ1 transgenic rice.
To determine whether OsDRZ1 represses transcription of drought down-regulated genes, a transient gene expression assay was performed with the promoter of OsGLP1 (LOC_Os08g35760), which encodes a cupin protein, and it was down-regulated in both OsDRZ1-OE seedlings and drought-treated seedlings. A reporter plasmid harboring the LUC reporter gene fused to the 2,000 bp promoter region of OsGLP1 was co-introduced with an effector plasmid expressing OsDRZ1 under the CaMV 35S promoter in rice protoplast cells (Fig. 8D) . OsDRZ1 markedly repressed LUC activity as compared with the vector control (Fig. 8E) , demonstrating that OsDRZ1 transcriptionally repressed the promoter activity of OsGLP1.
Discussion
OsDRZ1 habors two typical C2H2 zinc finger domains and one typical DLN-box/EAR-motif located at its C-terminus. Unlike most plant C2H2-type ZFPs, the nuclear localization signal (NLS) is not typical in the OsDRZ1 sequence (Fig 1A) . The subcellular localization assay showed that OsDRZ1 was mainly localized in the nucleus of tobacco epidermal cells. Interestingly, we also discovered the cytoplasmic localization of OsDRZ1 (Fig 3A) , implying the potential function of OsDRZ1 in the cytosol. The DLN-box/EAR-motif has been recognized as a transcription repression motif in some ERF transcription factors (Ohta et al. 2001) in Arabidopsis and petunia, such as petunia ZPT2-3 (Sugano et al. 2003) and Arabidopsis STZ/ZAT10, AZF1, AZF2 (Sakamoto et al. 2004 ) and Zat7 (Ciftci-Yilmaz et al. 2007 ). However, most reported rice C2H2 zinc finger proteins showed transcriptioanl activation activities, although they carry the DLN-box, such as ZFP182 , DST (X.Y. ) and ZFP179 (Sun et al. 2010 ). To our knowledge, OsDRZ1 is the first reported zinc finger transcriptional repressor in monocots. The transcriptional activity of OsDRZ1 was detected in rice protoplast cells by the dual LUC reporter assay system. Unlike known rice ZFPs, OsDRZ1FL, OsDRZ1ÁN and OsDRZ1ÁC all showed transcriptional repression activity driven by the minimal 35S promoter, indicating that OsDRZ1, unlike other rice ZFPs, functions as a transcriptional repressor in rice (Fig. 3B, C) . OsDRZ1 confers significantly increased drought tolerance in rice, as revealed by a higher survival rate and better growth perfomence under drought stress treatment (Fig 4) . Moreover, it was found that, compared with the increased drought tolerance, overexpression of OsDRZ1 slightly increased the tolerance to PEG6000 treatment and salt stress ( Supplementary Figs. S2, S3 ). Several other rice C2H2 zinc Fig. 8 The genes regulated by OsDRZ1 and drought stress. (A) Analysis of the genes regulated by OsDRZ1 in response to drought stress. The DEGs were classified into four groups, where group 1 and 3, 2 and 4 show the down-and up-regulated genes found in OsDRZ1-OE4 plants, respectively. The DEGs in group 1 and 2 were also regulated by drought stress. The genes regulated by OsDRZ1 were revealed by RNA-seq analysis, while the data of drought-responsive genes were obtained from microarray data (Supplementary Table S4 ). (B) Real-time qPCR verification of RNA-seq data. (C) GO enrichment analysis of OsDRZ1-regulated genes with AgriGO. MF, molecular function; BP, biological process. (D) A schematic diagram of reporter and effector plasmids used in the promoter activity assay. (E) Trans-repression activity of the promoter of the OsGLP1 gene by OsDRZ1. For the reporter vector construct, 2,000 bp from the ATG upstream region of OsGLP1 were used. Values are expressed as means ± SE for three independent experiments. **P < 0.01, Student t-test.
finger genes, such as ZFP252 (Xu et al. 2008) , ZFP179 (Sun et al. 2010) and OsMSR15 (Zhang et al. 2016) , play positive roles in improving drought or salt tolerance when overexpressed in plants. The mechanisms responsible for OsDRZ1 in improving drought tolerance could be, at least partially, explained by regulation of osmotic content, stomatal closure and ROS scavenging. First, the accumulation of free proline, which acts as an osmolyte to facilitate osmoregulation, could stabilize proteins or enzymes in the antioxidant system. It was observed that OsDRZ1 accumulated a higher level of free proline in OE lines and a lower level in RNAi lines (Fig. 4C) . Secondly, reduced water loss rate in detached leaves and increased stomatal closure were observed in the OE plants (Fig. 5) . Similarly, rice DST could regulate stomatal closure through inhibiting H 2 O 2 accumulation (X.Y. ). However, whether OsDRZ1 play a role in regulating stomatal behavior and density still needs further study. Since abiotic stresses and stomatal closure are always accompanied by the accumulation of ROS, the increase of antioxidant activites is one of the major factors increasing drought tolerance. Our data showed that OsDRZ1 could enhance the activities of ROS-scavenging enzymes, including SOD and POD, leading to a decrease of H 2 O 2 and MDA (Fig. 6) . Similarly, Bsr-D1/ZFP36 is another C2H2-type zinc finger protein participating in plant immunity by regualting expression of two POD genes (Li et al. 2017) , together with OsAPX1 (Huang et al. 2018) .
RNA-seq assay showed that >500 genes were modulated by OsDRZ1, and many of them were enriched in stress and antioxidant activity-relaled GO terms, indicating that OsDRZ1 might play a central role in oxidative stress response. Eight genes were confirmed as the downstream genes of OsDRZ1. OsGLP1, encoding a cupin domain-containing protein (Stipanuk et al. 2011) , was found to be repressed by OsDRZ1 through a transient gene expression assay. It was previously reported that silencing of OsGLP1 resulted in semi-dwarfism, and OsGLP1 modulated fungal defense and salt tolerance through the hyperaccumulation of H 2 O 2 (Banerjee and Maiti 2010, Banerjee et al. 2017) . However, the function and mechanism of the OsDRZ1-OsGLP1 module in drought response still require further studies.
ABA plays a critical role in osmotic stress response in plants, and there are five ABREs in the promoter region of OsDRZ1, indicating that OsDRZ1 is involved in the ABA pathway (Supplementary Table S2 ). Furthermore, the transcriptional level of OsDRZ1 was induced by exogenous ABA, so it is of interest to investigate whether OsDRZ1-mediated drought tolerance is ABA dependent. To our surprise, there were no significant differences between the wild-type and transgenic rice plants when shoot length and root length were compared in the culture medium with or without ABA ( Supplementary Fig.  S4 ), indicating that OsDRZ1-mediated drought tolerance might be occuring in an ABA-independent manner. Apart from ABREs, there are other cis-elements in the promoter region of OsDRZ1, including an auxin-responsive element and a MeJAresponsive element, indicating that OsDRZ1 may function in various pytohormone signaling pathways (Supplementary  Table S2 ).
Many transcription factors including ZFPs may confer both stress tolerance and growth retardation in transgenic plants. For example, overexpression of the Arabidopsis zinc finger gene STZ confers salt tolerance as well as growth inhibition (Sakamoto et al. 2004 ). The DREB protein CBF3/DREB1A could improve mutiple stress tolerance but showed a negative impact on plant growth by repressing gibberellin signaling (Oh et al. 2005) . Interestingly, our data showed that overexpression of OsDRZ1 conferred drought tolerance and meanwhile promoted rice growth. The analysis of agronomic traits showed that OsDRZ1-OE increased plant height, panicle size and grain weight, implying the potential role of OsDRZ1 in increasing rice yield (Fig. 7) . Other agronomic traits, such as the setting rate and grain number per panicle, were not significantly changed in transgenic rice under our field conditions. Similar research on the Arabidopsis homodomain-leucine zipper transcription factor Enhanced Drought Tolerance/HOMEODOMAIN GLABROUS11 (AtEDT1/HDG11) showed that it was able to confer drought tolerance and increase grain yield in transgenic rice plants by extending the root system and elevating water use efficiency and ROS scavenging activities during stress treatments . Through RNA-seq assay, we found that many of the DEGs were enriched in antioxidant activity-related GO terms, and many reported antioxidant protection proteins were also involved in plant growth and development, including CESA3 (LOC_Os07g24190), belonging to the cellulose synthase family involved in secondary wall synthesis. Many of the CESAs were reported to function in secondary wall thickening and plant growth (Zhang et al. 2009 . OsSAMS2 (S-adenosylmethionine synthetase 2, LOC_Os01g22010) is a positive regulator of plant growth and development, and its silencing led to pleiotropic phenotypes, including dwarfism, reduced fertility, delayed germination as well as late flowering (Li et al. 2011 ). Moreover, it was found that GID1L2 encoding a gibberellin receptor was up-regulated in OsDRZ1-OE plants (Supplementary Table S4 ). The enhanced expression of GID1L2 may enhance gibberellin signaling, which in turn promotes rice growth and development. The up-regulation of these growth-related genes in OsDRZ1-OE lines implies that OsDRZ1 might be a positive factor in modulating the plant architecture. Interestingly, the majority of OsDRZ1-down-regulated genes are also down-regulated by drought, implying a critical role for OsDRZ1 in drough-responsive gene expression through its transcriptional repression activity. Transcriptome analysis together with ChIP sequencing would be necessary to study the direct downstream genes of OsDRZ1, which may lead to understanding the precise roles of OsDRZ1 in drought tolerance as well as in plant growth and development.
In summary, we characterized a novel C2H2 zinc finger protein OsDRZ1 acting as a transcriptional repressor in rice. It conferred drought tolerance by enhancing antioxidative protection and down-regulating drought-responsive genes. Interestingly, OsDRZ1 also plays a positive role in the regulation of plant growth and productivity. Our work provides a new gene resource that could be applied in engineering droughttolerant plants without yield penalty.
Materials and Methods
Plant materials and stress treatments
Rice (Oryza sativa L. subsp. japonica) cultivar Jiucaiqing was used for analyses of gene expression in response to abiotic stress and ABA treatment, whereas cultivar Zhonghua11 (ZH11) was used for tissue-specific gene expression, generation of transgenic lines and phenotype analyses. For gene expression analysis, seeds of Jiucaiqing were sterilized by 0.1% HgCl 2 , germinated and grown in a light chamber at 22 C (dark, 8 h) to 28 C (light, 16 h). The 3-week-old seedlings were pre-treated for 48 h with continuous illumination, and the stress treatments were carried out at the same continuous light intensity. For salt, PEG, ABA and H 2 O 2 treatments, seedlings were transferred from the basal nutrient solution to nutrient solutions containing 100 mM NaCl, 20% (w/v) PEG6000, 5 mM ABA or 100 mM H 2 O 2 . For temperature treatments, seedlings were transferred to a growth chamber at 4 or 42 C. The seedling samples were taken at 0, 0.3, 1, 3, 6, 12, 24 and 48 h, and immediately stored under liquid nitrogen for further analysis. For tissue-specific gene expression analysis, roots, stems, leaves, leaf sheath and panicles (up to 3, 8 and 12 cm) were sampled at the adult stage of ZH11. For agronomic trait measurement, ZH11 wild-type rice and OsDRZ1 transgenic rice of the T 2 generation were grown in the Jiangpu Experiment Station of Nanjing Agricultural University, China. The transgenic lines at the ripening stage were used for plant height measurements.
Isolation of total RNA and RT-PCR. Total RNA was isolated from various stress-treated and untreated seedlings of Jiucaiqing using Trizol reagent (Invitrogen) according to the manufacturer's instructions. The RNA was treated with DNase I (Promega) and stored at -80 C until use. The first-strand cDNA was synthesized with 2 mg of total RNA using a reverse transcription system (Promega).
Quantitative real-time PCR assay. Quantitative real-time PCR was performed as previously described (J. ). The real-time PCR was carried on a Bio-Rad CFX-96 Real-Time PCR System. A mixture of 20 ml was prepared using the FastStart Universal SYBR Green Master (Rox) (Roche Diagnostics). The primers used in real-time PCR are listed in Supplementary Table S1 . The relative expression level was calculated using the ÁÁCT method, and 18S rRNA was used as an internal control (Jain et al. 2006) . Experiments were performed in triplicate, and the results are presented as the means ± SE of three replicates.
Cloning of OsDRZ1
The primers were designed (Supplementary Table S1 ) according to the predicted sequence from the NCBI (http://www.ncbi.nlm.nih.gov/, August 6, 2018, date last accessed), and the PCR conditions are as follows: 0.8 ml of cDNA was amplified in a 25 ml volume containing 2.5 ml of 10Â PCR buffer with MgCl 2 , 0.5 ml of 10 mM dNTPs, 0.5 ml of dimethylsulfoxide (DMSO), 0.5 ml of Taq polymerase (Tiangen), 0.5 ml of 10 mM of each primer and 19.2 ml of double-distilled water. PCR was performed as follows: pre-denaturation at 95 C for 5 min, 30 cycles of 30 s at 95 C, 30 s at 58 C, 40 s at 72 C, and a final extension for 10 min at 72 C. The PCR product was purified and cloned into the pMD18-T simple vector (TAKARA) for sequencing.
Sequence analysis of OsDRZ1
Multiple sequence alignment was performed using the ClustalX program, and the Neighbor-Joining tree was constructed with the MEGA 5.1 program. Branch numbers represent a percentage of the bootstrap values in 1,000 sampling replicates. GenBank accession numbers for the sequences are as follows: Arabidopsis thaliana: AZF1 (BAA85108), AZF2 (BAB02542), AZF3 (AB030732), ZAT12 (AAM65582), STZ/ZAT10 (NP174094); Glycine max: SCOF-1 (AAB39638); O. sativa: ZFP15 (AAP42460), OsDRZ1 (AAR89018), ZFP36 (AAP51130.1), ZFP179 (AAL76091.1), ZFP182 (NP001051718.1), ZFP252 (AAO46041.1); and Petunia hybrida: ZPT2-3 (BAA05079), ZPT2-2 (BAA05077.1). The promoter sequence of the OsDRZ1 gene (1,500 bp upstream from the transcription start site) was retrieved and searched for putative ciselements at the plantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/, August 6, 2018, date last accessed).
Subcellular localization
The ORF of OsDRZ1, without a stop codon, was amplified and cloned into the pBI121 vector , resulting in production of the OsDRZ1::GFP fusion protein driven by the CaMV 35S promoter. This constructed plasmid and the pBI121 empty vector were transformed into Agrobacterium tumefaciens EHA105. Co-infiltration of Agrobacterium strains harboring the constructs and the p19 plasmid was carried out at an OD 600 of 1.5:1.0. The p19 protein of Tomato bushy stunt virus was used to suppress gene silencing. The Agrobacterium strains were infiltrated into leaves of 3-week-old tobacco (Nicotiana benthamiana) expressing a red nuclear marker RFP-H2B protein (Chakrabarty et al. 2007) . After incubation at 25 C for 48 h, GFP fluorescence signals were excited at 488 nm and photographs were taken on a Zeiss LSM780 laser scanning confocal microscope (Walter et al. 2004 ). For subcellular localization using rice protoplasts, the OsDRZ1::GFP construct of the pA7 vector was expressed transiently in rice leaf protoplasts using the PEG4000 method (Chen et al. 2006) . After incubation for 12 h, photographs were taken on a Zeiss LSM780 laser scanning confocal microscope.
Transient expression analysis in rice protoplast
The 2-week-old rice seedlings were used for rice protoplast preparation as previously reported . Briefly, the seedling stems were cut into 5-10 mm pieces, and immediately soaked in a cell wall-degrading enzyme mixture (1.5% cellulose R10, 0.3% macerozyme R10 and 0.4 M mannitol), then infiltrated for 1 h in a vacuum at 15 mmHg. After 4 h of gentle digestion, the reaction solution was filtered through 100 mm mesh for protoplast separation. The transformation was acquired under 40% PEG4000.
For transcriptional repression activity assay, the effector plasmids were constructed with the coding sequence of full-length or truncated OsDRZ1. The fragments was inserted into the BamHI and SpeI sites of the pA7 vector, fused with GAL4DBD at the N-terminus. The DRE-GAL4-mini 35S-LUC plasmid, used as a GAL4-responsive reporter, was constructed on the basis of pGL3-LUC plasmids. 35S::GAL4 DBD and 35S::GAL4 DBD::ZFP179 were used as the negative and positive control, respectively (Sun et al. 2010) . The Rn-LUC gene under the CaMV 35S promoter was used as an internal control. Reporter and effector plasmids were co-transfected to every 100 ml of rice protoplast cells, after incubation for 12 h in darkness, and the LUC activity was quantified using the dual LUC reporter assay system (Promega) with three biological replicates.
For downstream gene regulation, the full length of OsDRZ1 was amplified into pAN580, and the promoter region of OsGLP1 (LOC_Os08g35760) (2,000 bp upstream of ATG) was amplified into pGreen II. The transformation and measurement of LUC activity were described previously.
Generation of OsDRZ1 transgenic rice
To generate the OsDRZ1-overexpressing plants, the full-length ORF of OsDRZ1 was inserted into the plant binary vector pCAMBIA1300s, driven by the CaMV 35S promoter. For the RNAi transgenic plants, RNAi target sequences were predicted by the website http://bioinfo.clontech.com/rnaidesigner/ sirnaSequenceDesign.do, (August 6, 2018, date last accessed) (Clontech). The full length of the coding region of OsDRZ1 was amplified with primers containing KpnI (5') and BamHI (3') restriction sites. The reverse complemented region was inserted by another two enzyme sites of SpeI (5') and SacI (3'). The two parts of the fragments were inserted into the plant binary vector pTCK303. Both of the sequenced OsDRZ1-OE and OsDRZ1-Ri plasmids were introduced into Japonica rice Zhonghua11 (ZH11) by the A. tumefaciens (EHA105)-mediated transformation method (Ozawa 2012) .
Stress assays
The OsDRZ1-OE and OsDRZ1-Ri transgenic rice seedlings of the T 3 generation were used in stress assays. For drought stress, the seeds of the wild type (ZH11) and transgenic lines were germinated and grown on a soil and sand (1:1) mixture in a light chamber at 22 C (dark, 8 h) to 28 C (light, 16 h). The 3-week old seedlings were treated by withholding watering for 7 d. The survival rates were counted after recovery for 6 d by putting the pods into a container filled with water.
For osmotic stress treatment, the seeds of the T 3 transgenic lines and the wild type were grown in basal nutrient solution. After 3 weeks, the seedlings were treated by 20% PEG6000 solution for 7 d, and recovered in water for 4 d. The seedlings which were still wilted were considered as dead.
For NaCl treatment, the germination assays were carry out on 1/2 Murashige and Skoog (MS) medium containing 0, 150 and 250 mM NaCl with 50 seeds per line. After 14 d growth in a chamber under a light cycle of 16 h light/8 h dark, relative shoot length was measured (Sun et al. 2010) . For seedling survival assay, the seeds of transgenic lines and the wild type were germinated and grown in basal nutrient solution. Three-week-old rice plants were treated with 250 mM NaCl solution for 6 d and allowed to recover for 4 d.
For ABA treatment, germination assays were carried out with 50 seeds. Rice seedlings were grown in 1/2 MS medium containing different concentrations of ABA. After 14 d growth in a chamber with a 16 h light/8 h dark cycle, relative shoot length and root length were calculated (Sun et al. 2010) . All stress assays were were performed in triplicate and the results are presented as the means ± SE.
Dehydration assay
The fully expanded upper leaves from 3-week-old transgenic rice and wild-type seedlings were used for relative water loss rate and leaf RWC analysis. Each leaf blade was detached from a plant at noon, and the FW was immediately measured. During dehydration treatment, the desiccated weights (dWs) of leaf blades were measured at different timest. Finally, leaf blades were oven dried at 65
C for 24 h, and the DW of each leaf was measured. Relative water loss rate and RWC were calculated using this equation: relative water loss rate (%) = (FW -dW)/(FW -DW)Â100; RWC (%) = (dW -DW)/(FW -DW)Â100 (Fukao et al. 2011) . measurement was performed with three biological replicates and the results are presented as the means ± SE.
Measurement of free proline content
Seedlings at the three-leaf stage were used for proline content analysis. The upper leaves of wild-type and OsDRZ1 transgenic plants were sampled after 4 d of drought treatment. The content of free proline in the wild type and transgenic lines was determined by the sulfosalicylic acid method (Song et al. 2011) . Briefly, 0.2 g of fresh leaves were harvested and extracted in 5 ml of 3% sulfosalicylic acid and boiled for 10 min. After cooling, 2 ml of supernatant were incubated with 2 ml of glacial acetic acid and 3 ml of ninhydrin at 100 C for 60 min and the reaction was terminated in an ice bath. A 5 ml aliquot of toluene was added, followed by vortexing and incubation at 23 C for 24 h. The absorbance was measured at 520 nm (Troll and Lindsley 1955) . The measurement was performed with three biological replicates and the results are presented as the means ± SE.
Analysis of stomata of rice seedlings
Three-week-old rice seedlings were used for stomatal analysis. The leaves of transgenic seedlings and the wild type were sampled both before and after 4 d drought treatment. The leaves were clipped into 1 cm fragments and immediately immersed in FAA solution (90 ml of 50% ethanol, 5 ml of acetic acid and 5 ml of formaldehyde). After incubation at 4 C overnight, cytochrome was removed by washing in ethanol with a concentration gradient of 30, 50, 70, 90 and 100%. After soaking in an ethanol and clearing solution (1:1) mixture for 3 h, the leaves were cleared in clearing solution overnight at 4 C. The stomatal status was imaged by differential interference contrast microscopy (Herr 1982) .
Histochemical analysis
Histochemical assays were conducted as described by Zhou et al. (2013) . For H 2 O 2 detection, leaf samples were immersed in 1 mg ml -1 DAB containing 10 mM MES (pH 6.5) overnight in darkness at room temperature. For superoxide determination, leaf samples were immersed in 1 mg ml -1 NBT in 10 mM potassium phosphate buffer (pH 7.8) overnight in darkness. Both reactions were stopped by transfer to 90% ethanol and held at 70 C until Chl was completely removed (Fang et al. 2015) .
Measurement of H 2 O 2 and MDA content
To determine the H 2 O 2 level, a H 2 O 2 detection kit (A064; Nanjing Jiancheng Bioengineering Institute) was employed (Liu et al. 2013) . MDA is the end-product of lipid peroxidation, which can be analyzed with the TBA (thiobarbituric acid) test. Briefly, 50 mg of aerial tissue were homogenized in 1 ml of 80% (v/v) ethanol on ice. Following centrifugation at 10,000Âg for 30 min at 4 C, the supernatant was mixed with 0.5 ml of 20% (w/v) TCA (trichloroacetic acid) containing 0.65% (w/v) TBA. The mixture was incubated at 95 C for 30 min and then immediately cooled in an ice bath. After centrifugation at 10,000Âg for 10 min, the absorbance of the supernatant was measured at 532 nm, subtracting the value for non-specific absorption at 600 nm (Song et al. 2011) . The measurement was performed with three biological replicates and the results are presented as the means ± SE.
Measurements of POD and SOD activities
A 1 g aliquot of fresh leaves from the T 3 transgenic plants and wild type was homogenized in 1 ml of ice-cold solution containing 50 mM phosphate buffer (pH 7.8), 20% glycerol and 1% polyvinyl pyrrolidone (PVP). The homogenates were then centrifuged at 10,000Âg for 30 min. The aliquots of supernatants were used for the analysis of POD and SOD activities as previously described ). The enzymatic activity measurement was performed with three biological replicates, and the results are presented as the means ± SE.
RNA-seq analysis
The shoots of the wild type (ZH11) and the OsDRZ1-overexpression line (OE4) were collected for RNA purificaiton. The RNA samples were sequenced in depth by Hanyu Corp. Shanghai, China. The gene expression level [fragments per kilobase of transcript per million mapped reads (FPKM)] was estimated by RSEM and the reads were mapped against Nipponbare cDNA (MSU 7.0). The FPKM values were normalized by edgeR. The fold change (FC) values of differentially expressed genes were calculated, and the the genes with FC !2 and at least one expression level >10 FPKM were selected for further analysis. Two biological replicates were performed for RNA-seq analysis. To validate RNA-seq data, real-time PCR was conducted for selected DEGs with specific primers (Supplementary Table S1 ). The GO enrichment analysis of DEGs was performed using the AgriGO website (http://bioinfo.cau.edu.cn/agriGO/analysis.php, August 6, 2018, date last accessed) (Du et al. 2010 ). To analyze whether the genes regulated by OsDRZ1 are involved in drought response, we analyzed the expression of these genes using Affymetrix microarray data from rice seedlings at the three-leaf stage treated with 20% PEG6000 for 12 h. The 50 genes from RNA-seq could not be matched with microarray probe IDs. The heat map was constructed with HemI 1.0.3.3 Heatmap Illustrator (Deng et al. 2014) .
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